Review of Stern et al.
Understanding the mechanisms that mediate axonal regeneration and functional recovery after nervous system injury has been a long-lasting goal of neuroscience. In marked contrast to the adult central nervous system (CNS), the peripheral nervous system (PNS) is "regeneration friendly." Whereas CNS neurons form short, local sprouts and achieve only partial recovery by reprogramming uninjured pathways, PNS axons mount a robust regenerative response and reinnervate their targets after a lesion, thereby producing substantial functional recovery (Huebner and Strittmatter, 2009 ). These contrasting regenerative capacities have been attributed in part to the presence of growth-supportive Schwann cells in the PNS and a growth-inhibiting environment produced by oligodendrocytes and glial scar in the CNS (Huebner and Strittmatter, 2009 ). The inhibitory environment of the CNS, in combination with low intrinsic growth properties of CNS axons, results in collapse of axonal growth cones and axon retraction (Huebner and Strittmatter, 2009) . In contrast, the PNS axons assemble new actin-rich growth cones soon after injury (Bradke et al., 2012) . Growth cone assembly, motility, and navigation in response to extracellular signals are regulated by actin dynamics (Bradke et al., 2012) , but until recently, little was known about the molecular mechanisms that control growth cone dynamics after a PNS lesion.
An important piece of this puzzle was recently provided by Stern and colleagues (2013) , who identified the transcription factor serum response factor (SRF) as an important reactivator of growth cone dynamics during PNS axonal regeneration. SRF is a versatile transcription factor previously shown to have roles in regulating growth cone actin dynamics in cultured neurons and in neuronal migration, neurite outgrowth, pathfinding, and synaptic targeting during development (Knöll and Nordheim, 2009 ), presumably by regulating gene transcription. Furthermore, by activating genes involved in cytoskeleton remodeling, SRF plays an instrumental role in converting synaptic activity into plasticity-associated structural changes: a fundamental process for regeneration and functional recovery following nervous system injury (Knöll and Nordheim, 2009) .
Stern and colleagues (2013) showed that virus-mediated genetic depletion of SRF in facial motoneurons resulted in decreased regeneration and axonal sprouting of transected facial nerves. This finding is consistent with previous observations that SRF deletion causes deficits in neurite outgrowth, guidance, and migration (Knöll and Nordheim, 2009 ). Astonishingly, however, the role of SRF in supporting PNS regeneration seemed not to involve enhancement of transcription, but rather to require translocation from the nucleus to the cytoplasm. Stern and colleagues (2013) demonstrated this new function of SRF by severing the facial nerve in mice expressing not only endogenous SRF but also overexpressing a mutant SRF form that lacks the nuclear localization signal and therefore remains confined in the cytoplasm. They observed highly increased regeneration and axonal sprouting, suggesting that SRF promotes regeneration upon entering the cytoplasm. In addition, as was previously shown when wild-type SRF was overexpressed, viral-mediated overexpression of cytoplasmic SRF reduced neuronal loss, suggesting a possible neuroprotective effect (Stern et al., 2012 (Stern et al., , 2013 . Intriguingly, cytoplasmically overexpressed SRF also enhanced regenerative capacity of neighboring, nontransfected cells by mechanisms that
have not yet been fully elucidated (Stern et al., 2013) .
Led by the observation that both nuclear and cytoplasmic SRF show neuroprotective effects, but that only cytoplasmically localized SRF affects neurite outgrowth, Stern and colleagues (2013) examined the functional consequences of cytoplasmic SRF on neurite growth and growth cone morphology. To this end, they overexpressed cytoplasmically targeted SRF in cultured primary CNS and PNS neurons. In addition to expanding the number of neurons, cytoplasmically overexpressed SRF increased the length of neurites, amount of F-actin, number of filopodia, and area of growth cones, suggesting that cytoplasmic SRF may directly affect actin-driven cytoskeletal dynamics. Conversely, nuclear SRF controlled cytoskeletal dynamics through transcriptional modulation of several cytoskeletal genes and actin binding proteins (Knöll and Nordheim, 2009 ). Indeed, Stern and colleagues (2013) showed that upregulation of cytoplasmic SRF led to dephosphorylation of the actin-severing protein cofilin, likely resulting in its activation and in increased actin dynamics. Interestingly, after facial nerve injury, phosphorylated, i.e., inactive, cofilin was found to translocate from the cytoplasm to the nucleus (Stern et al., 2013) . This translocation was strongly impaired in facial motoneurons overexpressing cytoplasmic SRF (Stern et al., 2013) , suggesting that by promoting cofilin dephosphorylation, SRF blocks its nuclear translocation. However, SRF is unlikely to be directly involved in mediating this process and thus the phosphatase responsible for cofilin dephosphorylation upon SRF cytoplasmic translocation remains to be ascertained. The reverse was also true, i.e., cofilin regulated cytoplasmic levels of phosphorylated SRF (Stern et al., 2013) . These data suggest that a regulatory loop consisting of SRF and cofilin might impart reactivation of actin dynamics in growth-inert retraction bulbs and facilitate axonal regeneration.
This study describes SRF as an axonal growth promoting molecule that, surprisingly, exerts its function by translocating from the nucleus toward the axonal/ growth cone compartment. There it stimulates intracellular signaling pathways that converge on rearranging the actin cytoskeleton by signaling to cofilin. How cytoplasmic SRF indirectly enhances cofilin dephosphorylation is unclear, but clues might be gleaned by examining the mechanisms of growth restriction by myelinassociated inhibitory proteins. These promote growth cone collapse and axon retraction through activation of the small GTPase RhoA, causing the downstream modulation of cofilin activity (Hsieh et al., 2006; Montani et al., 2009 ). Interestingly, RhoA activity is also increased in regeneration "non-friendly" SRF mutants (Knöll and Nordheim, 2009 ). Furthermore, RhoGTPases require SRF activity to fulfil their function in growth cone guidance, as shown by the insensitivity of SRF mutant neurites to guidance molecules (Knöll and Nordheim, 2009 ). Importantly, peripheral nerves can regenerate to a large extent following a lesion, despite the presence of the myelin-associated glycoprotein, one of the most studied myelin-associated inhibitory proteins (Shen et al., 1998) . These findings, combined with those recently reported by Stern and colleagues (2013) , suggest that cytoplasmic SRF on its own is sufficient to counteract activation of Rho-GTPases and restore growth cone dynamics and neurite outgrowth even in the presence of myelin-associated inhibitory proteins. Cytoplasmic SRF might therefore be able to promote growth of CNS axons after injury. However, the experimental evidence presented in the study of Stern and colleagues (2013) suggests that cytoplasmic SRF enhances rather shortrange axonal growth and sprouting of cultured CNS, as well as PNS neurons in vivo. This would suggest that cytoplasmic SRF in the CNS may be a target for increasing postlesion plasticity, more than long distance axonal regeneration. Furthermore, it is important to note here that regeneration per se is not a synonym for functional recovery, and that one of the most important determinants of a favorable functional outcome is the accuracy of target reinnervation. This aspect was not examined in the study by Stern and colleagues (2013), although it was previously shown that SRF plays important roles in axonal guidance and synapse formation (Knöll and Nordheim, 2009) .
In summary, Stern and colleagues (2013) have unmasked nucleus-to-cytoplasm shuttling and subsequent indirect cofilin dephosphorylation as a mechanism by which SRF stimulates axonal regeneration in the injured nervous system. With this, they introduced a further level of complexity to our current understanding of the signaling pathways involved in axonal regeneration. Identification of cytoplasmic SRF as a modulator of growth cone dynamics during axonal regeneration in the PNS represents an important step toward the development of new potential treatments to improve CNS regeneration. However, a note of caution applies to SRF as a potential pharmacological target: it has been shown to enhance amyloid-␤ accumulation in vessels and to accelerate experimental tumor metastasis (Knöll and Nordheim, 2009) . Although further research is needed to clarify the molecular mechanisms responsible for SRF nucleusto-cytoplasm translocation and signaling, as well as for elucidation of potential translatability to the CNS, this study by Stern and colleagues (2013) holds promise to open up a new avenue for enticing regeneration of the nervous system after injury.
